Most directionally solidified (DS) superalloy blades and vanes operating at or above 950°C in jet engines usually contain Hafnium (Hf) to improve mechanical properties and performances. The addition of Hf increases the cost of these alloys and may cause a number of problems which limit their usage. At BIAM, a Hf-free DS superalloy, DZ4, was developed in the late 1970's. The improved mechanical properties, and good castability of this alloy, combined with low cost, make the DZ4 alloy suitable for production applications. In this paper, compositional and microstructural characterizations will be discussed. Mechanical properties, and engineering applications for the alloy will be presented.
Introduction
In the early 1960's when the first American DS superalloy, PWA 664, was developed using the Mar M200 composition, alloy properties were greatly improved through the use of directional solidification. Unfortunately, during the production of DS hollow blades, hot tearing problems appeared. In the early 70's, an alloy, PWA 1422 (Mar MZOO +2% Hf) was invented by Duhl et al [I] , which solved the hot tearing problem. The effect of the Hf addition is to change the morphology of the large script-like primary MC carbide into fine dispersed Hf-rich MC2 carbides [2] . The addition of Hf also resulted in a great increase in the amount of y i 'y ' eutectic phase. For example, in alloys containing 1.5-2.4 wt % Hf, the amount of y / y ' eutectic may increase from -6% to 20% on average. As the y / y ' eutectic is mainly located at the longitudinal grain boundaries and interdendritic regions, it toughens the grain boundaries. Production experience has proven that the Hf-addition is effective in eliminating cracking in directionally solidified blades, especially DS hollow blades. Currently, most alloys used for DS blades, contain Hf (see Table I ) for improving castability. However, there are shortcomings brought about by the addition of Hf, namely; 1) cost of Hf containing alloy is much higher than Hffree alloys. and the recycling of Hf containing alloy revert remains difficult; 2) the incipient melting temperature of Hf containing alloys is significantly lowered due to the presence of low melting phases such as N&Hf, which in turn effect high temperature properties, especially properties above 1OOO'C. In order to overcome the shortcomings of Hf-containing DS superalloys, research and development work was started in the late 70's at BIAM. The target goals were as follows: 1) Alloy properties must be essentially maintained at levels equivalent to that of alloy PWA 1422; 2) The alloy should not contain Hf, but retain good castability; 3) Consideration must be given to low specific weight and low cost. In the early SO's, a Hf-free DS superalloy DZ4 was developed at BIAM in China which met the target property and cost goals. The alloy composition, phase data and physical parameters are presented in Table II . The alloy has entered production, and since the late SO's the engineering applications for the DZ4 alloy have been increasing. The alloy composition is designed to eliminate the y / y ' eutectic, maintain a high y ' volume fraction, and achieve good castability. The solution temperature must be as high as possible so that the alloy can meet the requirements for high mechanical properties, and structural stability for long term service. At the same time the alloy should have a low density and not contain rare expensive elements. By optimizing the y ' forming element content (Ti, Al and Zr), an alloy (DZ3) with 3-5 wt. % y / y ' eutectic (see Table III ) was developed [3] . DTA and isothermal quench experiments have been done for alloys DZ3 and DZ4 [4] . The results of isothermal solidification tests show that at 1370°C, alloy DZ4 is essentially liquid except for a few primary crystals which appear at the periphery adjacent to the mold (shell). At 136O"C, about 6.8 % of the melt has solidified as y primary crystals and precipitated, while at 135O'C -70.8 % of the total volume has solidified. After isothermal solidificationat at 133O'C for 1.5 min. approximately 12.3% of the melt is liquid and MC carbides begin to precipitate out. At 1280°C only 0.65% of the liquid phase remains, which contains mainly M3Bz and carbides [5] . Thermal solidification tests show the results of the absence of the y / y' eutectic phase at 137O'C. The DZ4 alloy remains essentially solid below 127O'C. There is no secondary y ' precipitation in the alloy until isothermal solidification at 1180°C. After 15 minutes at 11 50°C, secondary y ' appears at the interdendritic regions, but at the dendritic stems there is no sign of secondary y ' phase. The liquidus (TL) and solidus (Ts) for alloys DZ3 and DZ4 are presented in Table IV   Table IV (Table IV) shows [5] that Zr has been removed from alloy DZ4 and the Ti found in DZ3 has been partially replaced by the equivalent amount of Al. There are also minor adjustments in MO and W. It is believed that lowering the amount of elements, such as Ti and Zr, which concentrate in the y / y ' eutectic, will reduce the amount of this phase while maintaining a high volume fraction of y '. Experimental results indicate that no y / y ' eutectic phase appears in the DZ4 alloy in the as cast condition, no matter how fast or slow it is cooled, or even when the Al + Ti content is at the upper limits of the specification. The elimination of the y / y ' eutectic further narrows the temperature differential between the Liquidus (TL) and Solidus (Ts) in the alloy. This is regarded as the main reason castability is improved for the Hf-free superalloy. It is clear from Table IV , that the temperature differential between TL and Ts for DZ4 is approximately half that of DZ3 alloy. In practice the differences in AT between two alloys is reflected in their relative castability. The DZ3 alloy with a large AT, is prone to hot tearing, and a relatively high incidence of cracking has been observed during the casting of 508 DS hollow blades. Hollow blades cast from DZ4 alloy, with a small AT, do not experience hot tearing problems.
Alloy

Microstructure
The phase constituents m the as cast condition are as follows: y matrix, mtermetallic y ', MC carbides and a minor amount of M?B*. In the heat treated or service condition, y ' transforms into fine cubes (0.3 -0.5 pm) dispersed umformly distributed throughout the matrix, and M& and M& carbides may also precipitate. The absence of y I y ' eutectic in DZ4 is one of the unique microstructural features of this alloy which contains a high volume fraction of y ' ( see Figure 1) . In some alloys wtth Hf, solutioning at 125O"C, signtticantly reduces alloy properties, because incipient melted regions are produced in the microstructure. Therefore, the elimination of the y / y ' eutectic enables solution heat treatment to be performed at high temperatures without producing incipient melting, and optimizing mechanical properties.
The DZ4 alloy property data accumulated during engineering development, are presented in Tables V and VI. Data listed in  Table V and Figure 6 show that the rupture properties of DZ4 are superior to other DS superalloys, such as PWA 1422, Rene' 125 and DS MM002, for the entire spectrum of service temperatures. The superiority of alloy DZ4 becames more apparent at temperatures above 1000°C. Work done by Wakusick [6] showed that castability is related to the y ' volume fraction of the alloy, and as the y ' volume fraction increases, the castability is degraded. Often achieving high temperature properties and good castability are conflicting goals. In past alloy development programs, in order to improve alloy castability without Hf, high temperature properties had to be sacrificed. In alloy DZ4, however, y ' volume fraction is as high (62 vol. %), or higher then that of other typical DS superalloys, while excellent castability is maintained, due to the elimination of the y / y ' eutectic through compositional design. A complete mechanical property characterization of alloy DZ4 was conducted during alloy development. Alloy properties were determined directly from cast parts. Thin wall property tests are shown in Table VI [7] , where transverse and longitudinal stressrupture properties at 760 and 950°C are listed for DZ4 and IN-100 using specimens cut from hollow DS first stage blades. Both DZ4 and IN-100 have the same rupture ductility but DZ4 exhibits rupture life 10 times higher than that of IN-100. Table VI shows the comparison of thin wall rupture properties for DZ4 and IN-100 using sheet samples of 1.0 mm thickness cut from the airfoils of second stage turbine blades. Both the rupture life and ductility of alloy DZ4 are superior to that of IN-100. 82 9 63 7 43 2 29 9 25 2 22 Table 8 and Figure 8 [7] . As presented in Figure 8 , service life can be estimated from the stresses imposed on the component. For example, when the service stress on a DZ4 alloy turbine blade is 196 MPa, its fatigue life can be estimated at 10,000 cycles or more by using the thermal mechanical fatigue curve in the figure. In order to compare overall properties versus an existing production DS alloy, PWA 1422 was selected for benchmarking. This alloy is employed in first stage high pressure turbine blades in FlOO jet engines.@] DZ4 was tested at specification conditions called out in the PWA 1422K specification and presented in Table  IX . Also creep curves at 980°C / 193 MPa for both PWA 1422 and DZ4 are plotted and compared in Figure 9 . It is evident that the two alloys have basically the same level of mechanical properties. Engineering Applications
In the present paper the engineering applications of the Hf.free DZ4 alloy, now in full scale production in China, were reported.
Annual consumption of Hf-free DZ4 alloy has reached 40 tons per year since 1992. and is growing rapidly with increased DZ4 usage for blades and guide vanes in modified and newly designed aeroengines and land based turbines. It now has entered service in marme, locomotive and petroleum industry applications.
The DS blades and vanes made from Hf-free DZ4 alloy include both hollow and solid castings and their sizes vary from tens of mm up to 200 mm. In Figure 9 , two buckets are presented, one of them typically is a fabricated component made by vacuum brazing of DS airfoils and the other one (on the right) is integrally DS cast from Hf-free DZ4 alloy. In making complex components like this, the requirements for castability are even more stringent. Parts cast from alloy DZ4 have never experienced casting cracking. Accumulated servtce life for turbine blades made from DZ4 alloy has exceeded 8000 hours on more than 100 jet turbme engines flying over 3 years. Routine examinations indicate no blade distress has occurred to date. Measurements of blade elongation has revealed that the airforls are just about to enter the steady state creep stage. As shown in Ftgure I 1, the microstructure of a blade whtch has accumulated over 8000 flight hours, exhibits no change in y ' morphology and size. This in turn proves that the blade still has considerable life remaining. Over 30,000 blades, 188mm in length, have been produced. Production castmg yields with DZ4 are htgher than that of equiaxed blades owing to the absence of metallurgical defects such as porosity and inclusions. In addition, the reproducibihty is also htgher. Replacement of an older alloy in a hollow first stage turbine blade by DZ4 (see Figure 12 ), has resulted in service life being extended by IO times that of the ortgmal. Hollow blades and vanes with sophtsttcated cooling passages have been successfully employed in advanced aeroengines. It IS worth noting, that no blades have been rejected for hot tearing among tens of thousands of blades cast with the production process. No hot tearing appears even when the ceramic core deforms during the castmg of a 160mm long blade with a thin and narrow airfoil, leading to a very thin wall (O.Imm wall thtckness). 
